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The study of blast waves produced by intense lasers in gases is motivated by the desire to
explore astrophysically relevant hydrodynamic phenomena in the laboratory. We have
performed a systematic scan of laser produced blast waves and have examined the blast
wave structure over a wide range of drive laser energy. Lasers with energies ranging
from 10J-1000J illuminated a pin target in either xenon or nitrogen gas, creating a
spherical blast wave. We observe a strongly radiating blast wave in xenon gas while
blast waves in nitrogen more closely approximate a pure Taylor-Sedov wave. We also
find that at all laser energies, blast waves traveling through xenon gas had their

hydrodynamic evolution significantly affected by the passage of the illumination laser.



Introduction

The stabilty of blast waves has been a long standing problem of interest in the physics
and astronomy communities . In particular, there are several instabilities associated
with the formation and evolution of supernova remnanta (SNRs)**. One important
hydrodynamic feature, an overstability proposed by Vishniac et al. about 20 years ago °,
arises from a mismatch between the ram and thermal pressures at the surface of a blast
wave which can cause a growing, oscillating ripple on that surface. The growth rate of
the overstability depends mainly on two factors, the wavelength of the perturbation and
the thickness of the blast wave, which is determined by the gas’ adiabatic index’. Energy
losses through radiation make a strongly radiating blast wave cooler and thusly more
compressible, leading to a thinner blast wave which is susceptible to the Vishniac
overstability. Therefore the Vishniac overstability may be responsible for the large scale
structure seen in some radiative SNRs>® | and may also play a role in the formation of
stars >

There have been various experimental and computation studies attempting to
confirm the existence and growth rates of the Vishniac overstability. Blondin et al.
conducted a series of 1-D and 2-D radiative hydro simulations which appeared to confirm
the existence of the overstability ®. MacLow and Norman conducted 2-D simulations
where they confirmed the theoretical growth rates for the overstability assuming the
amplitude of the perturbation does not get large compared to the radius of the blast
wave®. In addition, over the previous fifteen years there have been a number of
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experimental attempts to observe the overstability = . These experiments have produced

their blast waves chiefly through the creation of an explosion by irradiation of a target by



a high-powered laser pulse. In these laser experiments the laser delivers a large quantity
of energy in a small focal spot over a time period short compared to the evolution time of
the resulting blast wave. A short intense point explosion is also how one would describe
a supernova on astrophysical scales, making laser driven explosions well suited to
studying similar physics.

Important early experimental work was published by Grun et al. °, using the
Pharos III laser at the Naval Research Laboratory. They conducted experiments on the
evolution of hemispherical blast waves produced in a background gas by single-sided
irradiation of a foil by 200J laser pulses. Grun et al. reported observing the Vishniac
overstability grow from noise in blast waves traveling through xenon gas back upstream
of the incoming laser, while those blast waves traveling through nitrogen gas remained
stable and the shock front remained smooth. However, whereas theory predicted a
maximum growth rate going as t’” at an _number of ~50, Grun et al. observed’ growth
going as t'®at an _number of ~10.

More recent work on cylindrical laser produced blast waves in Xe driven by an
ultra-fast laser was published by Edwards et al.'’. They observed evidence of the
formation of a radiative shock but did not observe any perturbation growth on the shock
front. The authors postulated the reason they saw no growth was that the Mach number
of their blast wave was too low and that the wave was heated by efficient electron
conduction between the hot core and the blast wave shell, leading to a lower effective
adiabatic index and a thicker blast front. Theoretical work by Lamming et. al.'* seemed
to confirm this idea by showing that there is a velocity cutoff for the overstability to

affect blast waves traveling through xenon gas. However, Lamming et al. could not



explain the discrepancy between theory and the NRL experiments in regards to the
position and size of the maximal growth feature.

The velocity and temperature of a laser driven blast wave will increase with the
increasing drive laser energy. Therefore, a systematic scan of laser energies should allow
for a more comprehensive study of the overstability. In this letter we report on such a
systematic examination of spherical blast waves produced by laser energies spanning two
orders of magnitude, from 10J to 1000J. This scan produced blast waves in both nitrogen
and xenon including blast waves in xenon both above and below the 25 km/s threshold
for overstability growth predicted by Lamming et al '>. We compare the results with
theoretical simulations and the previous experimental work and find that laser pre-
ionization of the surrounding gas can significantly affect the dynamics and morphology
of these shock experiments. The effect is particularly pronounced for blast waves

traveling through xenon gas.

Experimental Setup

A schematic of our experimental setup is shown in Fig. 1. A pump laser varying
in energy from 10-1000J was focused into a target chamber filled with between 5 and 10
Torr of xenon or nitrogen gas. The laser illuminated one side of a ~0.5mm pin target of
steel or nylon. This created an explosion that formed a blast wave in the surrounding gas.
The use of a pin target (as opposed to the planar foil targets used in Grun’s experiment’)
allowed us to examine the evolution of the blast wave both in the gas previously
traversed by the laser on the front side of the pin and in the pristine gas on the back side

of the pin. Some variable time later a probe laser pulse was fired. This passed through



our experimental region and was then imaged with a dark-field imaging telescope. This
diagnostic, (illustrated in the inset of figure 1) is sensitive to gradients in plasma density
and is therefore well suited to examining the interface region between the ionized blast
wave shell and unionized gas. We characterized the shock radius and front morphology
as the blast wave expanded by scanning the time delay between the pump and probe
beams.

Our experiments were performed on two different laser systems. The first was the
Janus laser at Lawrence Livermore National Laboratory . This laser fired 1ns pulses
with pulse energies between 10J and 150J at 1053nm. Here a SmJ, 532nm beam gated to
2 ns probed the blast wave. We performed higher laser drive energy experiments on the
Z-Beamlet laser at Sandia National Laboratories '*. This laser fired 1 ns pulses, with 527
nm wavelength at energies between 500J and 1000J. The probe beam on these

experiments was a ~150ps beam with 10s of mJ at 1064nm.

Data and Analysis

We have evidence that shock waves in Xe were strongly radiative at early times
for the highest energy shots we conducted. First we observe a radiative precursor in front
of the blast wave. This precursor takes the form of a “glow” ahead of the shock wave in
the data reproduced in Figure 3 (described below). This glow was confirmed through the
use of interferometry in which a region of increasing electron density was observed
preceding the shock front. This precursor was seen for blast waves traveling through
xenon at all energies, but in nitrogen the precursor was only observed for the highest laser

energy shots. For the highest energy blast waves in xenon, the precursor extended off the
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field of view of the camera, which meant the precursor extended for several centimeters
in all directions around the wave. However, this precursor wave only demonstrated that
there was radiation coming from the blast waves, not that it was affecting the dynamics of
the wave’s evolution. To gauge the impact of the radiation we looked at the blast wave
trajectories.

A blast wave can be characterized by its asymptotic trajectory R(?) = pt* where
the deceleration parameter a=V#R. Here V" and R are the velocity and radius of the
shock wave at time t after the explosion. In a classical spherical, energy conserving
Sedov-Taylor wave consisting of a high pressure low density central core pushing a thin
compressed shell, @=2/5 "°. If the surrounding gas is sufficiently dense and radiative
cooling is important, the deceleration parameter falls below the Taylor Sedov value and
the rate of deceleration is faster than a purely energy conserving wave. When the thin
shell of the blast wave is cooled efficiently by radiative losses a approaches 2/7. In this
so-called "pressure driven snowplow" regime the low density central core continues to
exert pressure on a shell which cannot support itself and collapses to high density '°. If
radiative cooling of the hot low density core is also efficient, the pressure of the core
becomes negligible, and the wave enters the "momentum conserving snow-plow" regime,
in which a=1/4'". We measured the radial trajectory of blast waves in both Xe and N, at
all laser energies. The data for the 1000J shots are plotted in figure 2. We see that at late
times, both Xe and N, blast waves follow the Taylor Sedov t2° trajectory. This is
consistent with the trajectories observed by Grun et al’. However, at early time (t<200ns)
the blast wave in Xe follows a trajectory with a=1/4. This lower a seems to suggest that

the blast waves in our experiments go through a strongly radiative stage prior to 200ns.



Images of shockwaves traveling through 5-10 Torr of Xenon gas are shown on the
left side of Fig. 3. The shockwaves were produced by a range of laser driver energies,
10J, 500J, and 1000J. In all cases the laser pulse came in from the left of the picture. All
show similar behavior. There is a marked difference between the section of blast wave
traveling over the gas region traversed by the laser and the rest of the blast wave on the
back side of the pin. The difference is a turbulent region with a large perturbation of
roughly wave number 10 on the laser side of the wave that is not present on the back side
of the wave. This feature is consistent in position and wave number with the Grun
results’. The turbulent feature we see becomes increasingly pronounced with increasing
energy, but the qualitative behavior is similar. However, there are smaller scale
perturbations, closer in wave number to the theoretical maximal growth rate region, that
appear only at higher energies. Though it is difficult to measure a growth rate for these
perturbations due to their small size, they seem more consistent with the Vishniac
overstability and are seen both in our higher energy data and in the data from Grun et al’.
The xenon images can be contrasted with the images of blast waves traveling through 5-
10 Torr nitrogen gas, shown on the right side of the same figure. Again we see blast
waves produced by the same three laser drive energies. In this case the feature seen in
xenon in the region traversed by the laser is greatly reduced and the small scale
perturbations never arise. The fact that a qualitatively energy independent feature is seen
only on blast waves traveling through Xenon and only on the side of the blast wave that
interacted with the laser suggests that there is some effect of the laser’s passage on the
evolution of blast waves in xenon. This feature is evident both at low and high energy

and with 1053 nm and 527 nm laser drive pulses.



We attribute this turbulent feature in Xe to pre-ionization of the gas by the laser
and likely beam filamentation of the pulse in the ionizing plasma. The most likely reason
that the feature is seen on blast waves traveling through xenon gas and not on those
traveling through nitrogen gas has to do with the different multi-photon ionization
thresholds of these gasses. The threshold for multi-photon ionization in xenon is lower
than in nitrogen. At 527nm ionization is a 5 photon process in xenon, as compared to 7
in nitrogen, and the ratio increases for higher charge states. This means that there is
likely more ionization and heating of the xenon gas caused by the laser’s passage,
creating a low gas density region. Therefore, the blast wave traveling over this area will
pick up gas that is lower density and hotter than in other regions, causing it to slow down
less as it travels, creating the bump like feature seen. In both our results and Grun et.
al.’s ° the feature appears in the laser cone path, as is illustrated in the 1 panel of Fig. 3.
If the feature were associated with the Vishniac overstability, one would expect rippled
features at all points on the spherical blast shell, depending on random noise in the
background gas and the initial blast wave. The feature also appears independent of the
blast wave velocity. In our shots the average velocity at early times (between 50 ns and
100 ns) ranges from ~12 km/s for 10J shots, below the 25 km/s threshold predicted for
the onset of the overstability in xenon gas predicted by Lamming ', to ~140 km/s for the
10007 shots, above this threshold. These facts support the idea that the feature is caused

by the laser’s passage.



Simulations

We have performed simulations that support and further clarify the conclusions
suggested by the data. We performed 2D simulations of blast wave evolution using the
Lawrence Livermore National Laboratory code CALE '". CALE is a 2-D arbitrary
Lagrangian Eulerian (ALE) code with a tabular equation of state (EOS) and interface
tracking. For our simulations we assumed ~7.5 Torr of xenon gas for the initial
background. A 0.5mm Mo sphere was used as the target and the laser pulse was 100J in
Sns, with a 0.4mm focal spot size. Some results from the simulation are shown in Figure
4. The first panel of the figure shows a contour plot of the electron temperature 17ns
after the initial laser pulse. One can clearly see the hot plasma in the region of the laser
cone. The second panel of the figure shows simulated density gradients of a blast wave
traveling through 7.5 Torr of Xenon gas about 400 ns after the 100J drive beam struck the
target. Finally the 3" panel shows experimental data taken at t=300ns and 10J drive.
There is a strong similarity between the experimental result and the simulation. The
perturbation on the blast wave’s surface in the simulation is qualitatively similar to that

seen in all our xenon experimental results and to that seen in previous experiments’.

Conclusions

In conclusion, we have performed a systematic examination of shockwaves traveling
through 5-10 Torr of either xenon or nitrogen gas as a function of laser energy. Strongly
radiative blast waves form at early time in Xe, which produce a large radiative precursor
ahead of the shock and which decelerate much faster than a Sedov energy conserving

wave. We have also observed a striking feature that appears at all drive laser energies in



xenon gas corresponding to the region where the drive laser had previously traveled.
This appears to result from a heating and ionization of the gas in this area by the laser
which self filaments in this plasma. A warm, low density channel is created in which the
blast wave will travel at higher velocities than in other regions of the gas. Our
experimental results are supported by simulations. This result may explain the
experimental deviation with theoretical calculations seen in previous results™'?, where the
maximal growth rate was seen at a different wavelength than expected and was larger
than expected. The maximal growth rate feature appears to be produced by the laser’s
passage and is not a result of the Vishniac overstability. These results suggest that
caution must be exercised when interpreting hydrodynamic effects in laser driven
experiments in gas traversed by a laser pulse. There are several complicated interactions

that can arise, especially a gas that is easily ionized, like xenon.
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Figure Captions

FIG. 1: Experimental setup of laser shock experiments. Drive beam, varying in energy
from 10J-1000J, enters the chamber from left and illuminates a pin target. This creates a
blast wave that is imaged by the probe laser onto a dark field imaging telescope, shown in
the inset. The dark field telescope blocks light that passes through the chamber
undeflected, but any light that encounters a density gradient is deflected around the beam
block at the center of the telescope and shows up as a bright area.

Figure 2: Blast wave trajectory through xenon and nitrogen gas. After ~200 ns in xenon
the trajectory changes from ", indicative of a highly radiative blast wave, to t*,
consistent with the energy conserving Taylor-Sedov solution. The nitrogen blast wave
trajectory is always consistent with the Taylor-Sedov solution.

Figure 3: Dark-field images of blast waves traveling through xenon (left) and nitrogen
(right) gas produced by various drive laser energies. In all cases drive laser enters from
left. From top to bottom drive laser energies are ~10J, ~500J, and ~1000J. There is a
contrast both in the small scale structure and the laser-side feature between the gasses.

Figure 4: The leftmost panel has a simulation of the electron temperature 17ns after a
1007 laser pulse struck a pin target. The right two panels are comparison of simulated
and experimental blast wave shapes. The simulation is 400ns after a 100J laser pulse.
The experiment shows a blast wave 300ns after a 10J shot.
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